The Biginelli-type reaction of 5-amino-3-arylpyrazole-4-carbonitriles with aldehydes and 1,3-dicarbonyl compounds was studied in detail. We found that the reaction requires no catalysts and proceeds in boiling DMF to give 2-aryl-6-RC(O)-4,7-dihydropyrazolo[1,5-a]pyrimidin-3-carbonitriles in good yields. The reaction of aminopyrazoles with dicarbonyls leading to 6-unsubstituted pyrazolo[1,5-a]pyrimidines proceeds competitively and becomes the dominant process under acid-promoted conditions. 2-Aryl-8-oxo-4, 5,6,7,8,9-hexahydropyrazolo[5,1-b]quinazolin-3-carbonitriles were obtained under catalyst-free conditions in up to 80% yields starting from 5-amino-3-arylpyrazole-4-carbonitriles, aldehydes and 1,3-cyclohexanedione.
Introduction
In the last two decades, the classical urea-based multicomponent reaction named after Italian chemist Pietro Biginelli, as well as the reactions of so-called Biginelli compounds (3,4-dihydropyrimidin-2(1H)-ones and -thiones) have attracted great attention (for recent reviews see ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] . Less attention is paid to the nonclassical Biginelli-type reaction employing aminoazoles as N,N-dinucleophilic components. [9] [10] [11] [12] [13] This approach is well suited for combinatorial chemistry, providing a diversity of di-, tri-and tetrazolopyrimidines. Our interests have been focused on the chemistry of unusual Biginelli-type compounds 14 and, particularly, on the chemistry of pyrazolo-and triazolo [1,5-a] pyrimidines.
15
Pyrazolo [1,5-a] pyrimidines are important scaffolds which are present in many synthetic drugs such as dorsomorphin 16 or other bone morphogenetic protein receptor inhibitors useful for treatment of anemia, muscular dystrophy, atherosclerosis, etc. 17 Pyrazolo[1,5-a]-pyrimidines also have been recognized as purine analogs with c-AMP phosphodiesterase inhibitory activity, 18 and as tyrosine kinase inhibitors. 19 4,7-Dihydropyrazolo[1,5-a]pyrimidines (DPPMs) behave as potent mimics of Hantzsch 1,4-dihydropyridine calcium channel blockers 20 and related pyrazolo [5,1-b] quinazolines were found to be potent K ATP channel openers. 21 Two most commonly used approaches to build the 4,7-dihydroazolo [1,5-a] pyrimidine core are known. The first one consists of the reaction of 3(5)-aminoazoles with a,b-unsaturated carbonyls (for reviews see ref. [11] [12] [13] 22 ) and the other is based on the modified Biginelli reaction of 3(5)-aminoazoles with aldehydes and active methylene carbonyl compounds [9] [10] [11] [12] [13] (Scheme 1).
When attempting to use 3(5)-aminopyrazoles with no substituents at the C-4 position, one may encounter the problem of a dual reactivity of these heterocycles. Thus, 3(5)-aminopyrazoles may react either as straight urea-type N,N-binucleophiles leading to the expected DPPMS, 9, 12 or as a masked enamine species -C,N-binucleophiles to afford 4,7-dihydropyrazolo [3,4-b] pyridines 12, 23, 24 (Scheme 2). The problem of chemoselectivity in this context could be solved in two different ways -either by using selected reaction conditions (e.g., pH of reaction media, different catalysts and solvents, sonication or microwave irradiation) to modulate the selectivity, [23] [24] [25] or,-by blocking the C-4 position in aminopyrazoles with a protecting group. [24] [25] [26] [27] From this point of view, easily available 15a 5-aminopyrazole-4-carbonitriles could be considered as prospective reagents bearing the reactive Scheme 1 General approaches to the synthesis of dihydroazolopyrimidines.
a Department of Organic Chemistry, V.N. Karazin Kharkiv National University, cyano group at C-4, which may react under Biginelli conditions to afford functionalized heterocycles. In the present paper, we have studied the reaction of 5-amino-3-arylpyrazole-4-carbonitriles with active methylene 1,3-dicarbonyls and aldehydes with the aim to develop a synthetic route toward DPPMs.
Results and discussion
As a model reaction, we examined the reaction of 5-amino-3-phenylpyrazole-4-carbonitriles 1a with benzaldehyde 2A and N-(4-chlorophenyl)-3-oxobutanamide 3a (Scheme 3) in boiling DMF with no catalysts. As expected, the reaction proceeds smoothly to give DPPM 4a. In order to optimize the reaction conditions, we studied the effects of solvent amount, reaction time, reagents ratio and different work-up procedures on the yield of the target product 4A. The best yield of pure 4a (60% after recrystallization) was obtained when the reagents were taken in equimolar amounts and the reaction was conducted in a three-component mode. The best results were obtained when minimum amounts of DMF (0.5 mL per B2 mmol of each reagent) were used, under short term heating (B20 min) and with a final precipitation of the product by addition of MeOH. Meanwhile, the reaction 1a + 2a + 3a in boiling EtOH under acid catalyzed conditions (HCl) proceeds in a quite different way to give pyrazolo[1,5-a]-pyrimidine-5(4H)-one-3-carbonitrile 5 in 35% yield. According to the NMR data for crude pyrazolopyrimidine 4a, product 5 is also the main by-product of the uncatalyzed process.
With the optimized procedure described above, the analogs of compound 4a were obtained in 32-53% yields (Table 1) . However, we failed to obtain DPPMs 4 by ternary condensation of aminopyrazole 1b with aldehydes and 2,4-pentanedione. Instead, the sole isolated product was 5,7-dimethylpyrazolo[1,5-a]-pyrimidine-3-carbonitrile 6 as the result of the reaction of 1b with 2,4-pentanedione alone (Scheme 4). It is noteworthy that the reaction proceeds notwithstanding the conditions of temperature or the acidity of the reaction media.
In contrast, unsaturated diketone 7 reacts with aminopyrazole 1b to afford the desired DPPM 4f in a good yield. In order to find the optimal conditions, we attempted to combine the preparation of starting endione 7 and Biginelli-type condensation in a one-pot procedure. Thus, when PhCHO and Ac 2 CH 2 were briefly heated in DMF to give condensation product 7 followed by treatment with aminopyrazole 1b, compound 4f was obtained in 65% yield. Using the same approach, ethyl acetoacetate was converted into 4,7-dihydropyrazolo[1,5-a]pyrimidine 4e in 53% yield.
The obtained observations allowed us to draw some tentative conclusions about how this Biginelli-type reaction proceeds in a three-component mode. We suggest that the reaction proceeds first by Knoevenagel reaction of an aldehyde with an active methylene compound, probably catalyzed either by aminopyrazole 1 which is basic enough, or DMF. Next, the uncatalyzed reaction of the formed condensation product with aminopyrazole leads to the formation of target compounds 4 (Scheme 5). The presumable formation of aza-Michael adduct 8 as an intermediate in the suggested mechanism is in agreement with previously reported data. 11, 22 It should be noted that, despite the known benefits of basecatalyzed Biginelli-type reactions (Atwal modification, 28 Bakibaev and Filimonov protocol 29 ) or non-catalyzed protocols, 7,14b,30 most methods commonly used for the synthesis of Biginelli compounds require an acid as a catalyst. [6] [7] [8] [9] In our previous paper 7 it was proposed as a joke that sodium chloride could be used as the ''catalyst'' for reactions that proceed quite efficiently without any additives and catalysts (the term ''chemical placebo'' Scheme 2 The reactions of aminopyrazoles with a,b-unsaturated carbonyls.
Scheme 3 Synthesis of pyrazolopyrimidines 4 and 5. was introduced by us 7 to define a compound that is evidently ineffective as a catalyst but has to be added anyway, probably for non-scientific reasons or tradition). Recently, a detailed paper 31 appeared in which conditions for Biginelli reaction were critically discussed. Inter alia, the authors reasonably doubted that NaCl could be an effective catalyst and claimed that ''there is no reasonable doubt of the importance of catalysis for the Biginelli reaction, and the role of the catalyst is not only to facilitate the formation of the final product but also to select a preferred reaction pathway''. We have to admit that the above Biginelli-type reaction may proceed without any additional catalysts, at least in certain cases. In the present case, an acid catalyst strongly disfavors formation of the desired Biginelli products. Nevertheless, HCl was found to be a good catalyst for the reaction between aminopyrazoles 1a and 1,3-dicarbonyls.
The obtained results encouraged us to continue our studies with other dicarbonyl compounds. Thus, dihydroresorcinol (1,3-cyclohexanedione) reacts with aminopyrazoles 1a,b and aldehydes to give the expected 2-aryl-8-oxo-4,5,6,7,8,9-hexahydropyrazolo[5,1-b]-quinazoline-3-carbonitriles 8a-d (Table 2) .
In order to examine the reactivity of the synthesized compounds, we unsuccessfully attempted to carry out thiolysis by passing H 2 S for 24 h through the DMF solution of compound 8a in the presence of Et 3 N. One may suggest that the deprotonation of N(4)H in a basic medium causes the formation of a highly mesomerically stabilized anion (Scheme 6) so the HS À anion should attack a negatively charged substrate which is unfavorable for thiolysis. The low reactivity of the cyano group toward the HS À anion might well be a consequence of tautomerism which involves the delocalization of the negative charge onto the cyano group. In order to confirm this suggestion, we synthesized the N(4)-alkyl derivative 9 by treatment of 8a with EtBr in KOH-H 2 O-MeCN system. It was found that compound 9 undergoes thiolysis under the same conditions to yield thioamide 10 (Scheme 7). Given these results, we may conclude that successful modification of the functionality at C(3) leading to compounds like 10 could be performed using protective groups (e.g., MOM 14d ) at the N(4) position, which could be easily removed later.
Conclusions
In conclusion, we have developed a simple and selective synthetic protocol based on the Biginelli-type multicomponent reaction of 5-amino-3-arylpyrazole-4-carbonitriles with aldehydes and 1,3-dicarbonyl compounds. The reported method provides catalystfree access to functionalized 4,7-dihydropyrazolo[1,5-a]pyrimidine-3-carbonitriles and 4,5,6,7,8,9-hexahydropyrazolo[5,1-b]quinazolin-3-carbonitriles which could be further transformed by N-alkylation or thiolysis. In certain cases the Biginelli reaction competes with the side process of the formation of pyrazolo [1,5-a] pyrimidines by reaction of aminopyrazole and dicarbonyl components without the participation of an aldehyde. The latter reaction predominates in the presence of an acid catalyst, whereas the Biginelli-type reaction proceeds clearly without any catalysts in pure DMF.
Experimental

Materials and methods
1 H NMR spectra were recorded on a Bruker Avance 400 spectrometer (400 MHz) and on a Varian Mercury VX-200 spectrometer (200 MHz) in DMSO-d 6 with TMS as the internal standard. Chemical shifts are given in ppm, coupling constants are given in Hz. 13 C NMR spectra were recorded on a Bruker Avance 500
Scheme 5 Probable mechanistic pathway for the synthesis of DPPMs 4. a The yields are given for pure products after recrystallization from MeOH.
Scheme 6 Possible mesomeric mechanism for stabilization of the negative charge for anions of 8.
Scheme 7
The synthesis and thiolysis of compound 9. spectrometer (125 MHz) and on a Bruker Avance 400 spectrometer (100 MHz) in DMSO-d 6 with TMS as the internal standard. Mass spectra (EI, 70 eV) were obtained on a Varian 1200L instrument using a direct probe exposure (DEP) method. IR spectra were recorded in KBr pellets using a Perkin Elmer Spectrum One FT-IR spectrometer. Elemental analyses were obtained using a EuroEA-3000 instrument. Melting points were determined using a Köfler hot-stage apparatus. DMF was distilled under reduced pressure and stored under molecular sieves (4 Å). The purity of the compounds was checked using TLC (Merck ALUGRAM Xtra SIL G/UV 254 plates) with EtOAc/ hexane mixtures as eluents. 5-Amino-3-arylpyrazole-4-carbonitriles 1a and b were obtained by a reported procedure. 15a H 2 S gas was produced by water hydrolysis of Al 2 S 3 and dried by passing its flow through the layer of Al 2 S 3 . Starting aldehydes, 1,3-dicarbonyl compounds and solvents are commercially available.
General process for preparation of pyrazolopyrimidines 4a-g and pyrazoloquinazolines 8a-d
A mixture of the appropriate aldehyde (2.2 mmol), 1,3-dicarbonyl compound (2 mmol) and the corresponding aminopyrazole 1 (2 mmol) in DMF (0.5 mL) was heated under reflux for 20 min.
The mixture was cooled and MeOH (20 mL) was added. The precipitate was filtered off and washed with MeOH (3 Â 3 mL). ) and 2,4-pentanedione (0.2 g, 2 mmol) in DMF (0.5 mL) was heated under reflux for 20 min. Then aminopyrazole 1b (0.4 g, 2 mmol) was added and the mixture was heated under reflux for an additional 20 min. The mixture was cooled and MeOH (20 mL) was added. The precipitate was filtered off and washed with MeOH (3 Â 3 mL) to give pyrazolopyrimidine 4f (yield 65%). The melting point, EA, IR and NMR data are identical to those of the above sample. When ethyl acetoacetate (2 mmol) was used instead of 2,4-pentanedione, pyrazolopyrimidine 4e was obtained in 53% yield.
Synthesis of 7-methyl-
A mixture of N-(4-chlorophenyl)-3-oxobutanamide (0.42 g, 2 mmol), 3-aminopyrazole 1a (0.37 g, 2 mmol), PhCHO (0.23 g, 2 mmol) and 3 drops of conc. HCl in EtOH (3 mL) was heated under reflux for 30 min. The mixture was cooled, the precipitate was filtered off and washed with MeOH (3 Â 3 mL) to give pyrazolopyrimidine 5 as a white solid. A mixture of compound 8a (4.07 g, 10.7 mmol), EtBr (7.0 g, 4.75 mL, 64 mmol) and saturated aq. KOH solution (5.3 mL) in MeCN (30 mL) was heated under reflux for 1 h. The mixture was cooled and poured into 400 mL of brine. The resulting mixture was extracted with EtOAc (3 Â 70 mL), dried with Na 2 SO 4 
